Carbonate-containing hydroxyapatites with different Ca/P ratios and optionally containing Na + cations were successfully synthesized using a precipitation method. The solids were extensively characterized by XRD, LEIS, XPS, IR, TGA and NMR. Further, their acid-base properties were determined by NH 3 -TPD, PEA-XPS, CO 2 -TPD and by pulsed liquid chromatography using benzoic acid as a probe. The soobtained structural, textural and acid-base properties could be finely correlated to give a clear picture of the system. The acidic properties of hydroxyapatites were attributed to Ca 2+ , surface HPO 4 2À and OH À vacancies and the basic properties were attributed to PO 4
Introduction
Natural hydroxyapatite (HAP), with the formula Ca 10 (PO 4 ) 6 (OH) 2 , is the most stable calcium phosphate salt, and is the main inorganic constituent of biological hard tissues in animal organisms. It can be synthesized at various temperatures, typically below 373 K, and at a pH between 4 and 12. It drives a considerable interest in medical applications, in chromatography, as a fertilizer, in the pharmaceutical industry, and in the eld of catalysis. 1-3 HAP contains both acidic and basic sites in a single crystal lattice, 4, 5 and can thus be applied to reactions requiring bifunctional solid catalysts containing both antagonist functionalities, such as the Guerbet reaction, 6 the Michael addition, the Knoevenagel condensation, 7 the Claisen-Schmidt condensation or the Friedel-Cras reaction. 8 The aforementioned native HAP allows large variations in compositions, and, as a general matter, the so-called 'HAPs' are highly non-stoichiometric solids with the general formula 'Ca 10Àx (PO 4 ) 6Àx (HPO 4 ) x (OH) 2Àx ', with 0 < x # 1. This yields a family of compounds with very different properties, from more acidic solids in the case of decient HAPs (x > 0) to solids more and more basic when approaching the stoichiometry of the native HAP (x ¼ 0), this latter being, therefore, predominantly basic. 2, 9, 10 The Ca/P ratio is commonly used as an index of their non-stoichiometry (the stoichiometric ratio being 1.67) and of their acid-base behaviour. It is well known that HAPs act as solid acid catalysts when Ca/P z 1.50, and develop both the acidic and the basic characteristics when the Ca/P ratio is between 1.50 and 1.67. [11] [12] [13] [14] [15] In addition to varying the Ca/P ratio, the surface acid-base properties of the HAPs can also be tuned by replacing Ca 2+ ions by vacancies or cations such as Sr 2+ , Mg 2+ , Na + , K + , etc. Substitution of OH À anions by vacancies, F À , Cl À , CO 16, 17 A second channel with a diameter of 3.5Å, bordered by triangular Ca 2+ ions [Ca(II)], hosts the OH À species along the c-axis. 18 The structure is exible to both cationic and anionic substitutions, which yields the aforementioned possibility of modulating the number of acid-base sites in the HAP crystal. Cations can substitute either Ca(I) or Ca(II) ions or both ions simultaneously, and anions can replace either OH À or PO 4 3À ions or both. 11 The general formula for carboapatites, in which CO 3 2À ions can be located in two different positions, is Ca 10 [(PO 4 ) 6ÀxÀy (HPO 4 ) x (CO 3 ) y ][(OH) 2À(x+y) (CO 3 ) x+y ], considering that the charge loss due to the PO 4 3À substitution (B-type substitution) is counterbalanced by addition of CO 3 2À in the OH À sites (A-sites). 19 If some defects arise due to the formation of vacancies or related substitution of Ca by Na, charge will be compensated by less carbonates in A-sites. Different substitutions not only result in a variation in the balance between the acidic and the basic nature of the solid HAPs surface, but may also change their morphology. Some studies have reported a correlation between the exposure to the surface of HAP specic components such as Ca 2+ and PO 4 3À groups, and the type of crystallite growth. 3, [19] [20] [21] However, their conclusions are contradictory and a deeper understanding is then required. In the present work, using X-ray diffraction (XRD) & Rietveld renement as well as TGA, we precisely determined the crystallite nature and the global formula of HAPs prepared by varying the Ca/P ratio (or the carbonate content). The types of carbonate substitution were determined by IR spectroscopy. The presence of orthophosphate and of HPO 4 2À groups in the HAPs was qualitatively evaluated with the help of CP MAS-NMR and 2D-HETCOR NMR spectroscopy. Further, X-ray Photoelectron Spectroscopy (XPS) complemented by Low Energy Ion Scattering (LEIS) was used to precisely determine the surface composition of the solids, in order to enable identication of any potential correlation with the crystallite growth/morphology. The total number of acidic and of basic sites in the HAPs was determined by Thermo-Programmed Desorption of NH 3 (TPD-NH 3 ) and of CO 2 (TPD-CO 2 ), respectively. We also determined the distribution of the nature of the surface acid sites (Lewis & Brønsted) by XPS aer adsorption of 2-phenylethylamine (PEA) used as a probe molecule. 22 The pulse liquid chromatographic technique 23 using benzoic acid as a probe molecule was further used to determine the amount and strength of basic sites in the hydroxyapatites directly in the liquid phase. The surface acid-base reactivity was further evaluated using isopropanol reactivity as a test model reaction.
Experimental

Materials
Reagent grade chemicals such as calcium nitrate tetrahydrate, Ca(NO 3 ) 2 $4H 2 O ($99.0%); ammonium dihydrogen phosphate, (NH 4 )H 2 PO 4 ($98.0%); sodium nitrate, NaNO 3 (99.0%); and sodium carbonate, Na 2 CO 3 ($99.0%) (Sigma Aldrich) were used as starting materials.
Sample preparation
All the solids were synthesized by using a precipitation method reported elsewhere. 24 Decient and stoichiometric HAPs were prepared by xing the Ca/P molar ratios of the synthesis solutions at 0.9 and 1.67, respectively. Two carbonated apatites with and without sodium were synthesized by moderately increasing the (Ca + Na)/P ratio of the solutions from the stoichiometric value of 1.67 to 2, with a Ca/Na molar ratio of 5.7 for the Nacontaining solid. Finally, two carbonate-rich apatites with and without sodium were synthesized by increasing the (Ca + Na)/P ratio of the solutions from the stoichiometric value of 1.67 to 5.5 with a Ca/Na molar ratio of 5 for the Na-containing solid.
The detailed preparation procedures of these samples are given below. A stoichiometric hydroxyapatite (Hap) was synthesized by adding dropwise 300 mL of an aqueous solution containing 0.167 mol of Ca(NO 3 ) 2 $4H 2 O to 1000 mL of a 0.1 mol of (NH 4 ) H 2 PO 4 solution placed under stirring at 353 K. The pH during synthesis was maintained at 10 by properly adding a 25% NH 4 OH solution. The formed precipitate was slowly ltered, washed with hot water, and dried at 353 K before being calcined for 4 h under oxygen at 673 K (2 K min À1 ). Lowering the calcium quantity in the solution from 0.167 mol to 0.09 mol resulted in the formation of a calcium decient hydroxyapatite (HapD).
For carbonated hydroxyapatite with Ca/P > 1.67, CO 2 was naturally introduced from the atmosphere as CO 3 2À anions, which were incorporated to compensate the charge due to excess calcium cations in the apatite solids. In this respect, the carbonated apatite (Hap-CO 3 ) was prepared by using a Ca/P molar ratio of 2 in the precursor solutions instead of the stoichiometric value of 1.67. The same procedure was used to synthesize a sodium-containing carbonate apatite (HapNa-CO 3 ) prepared with a Ca/Na molar ratio of 5.7, keeping a (Ca + Na)/P molar ratio of 2.
A carbonate-rich hydroxyapatite was synthesized by adding dropwise an aqueous solution of 0.1 mol of (NH 4 )H 2 PO 4 (0.1 M) to a 300 mL solution containing 0.55 mol of calcium nitrate placed under stirring at 353 K. The higher Ca/P molar ratio of 5.5 compared to the stoichiometric value of 1.67 allowed us to introduce a higher quantity of carbonate ions in the synthesized hydroxyapatite. The corresponding solid was denoted as HapE-CO 3 , which is thus a sodium-free carbonate-rich apatite. Also more carbonate ions and sodium ions were introduced in a last sample, using sodium carbonate (5.83 g) dissolved in 1000 mL of an ammonium hydrogen phosphate solution (0.1 M). The Ca/Na molar ratio of the solution was xed at 5. In that case, the resulting solid was a sodium-containing carbonate-rich apatite denoted as HapE-Na-CO 3 .
Characterization methods
The chemical composition of the samples was determined at the 'Service Central d'Analyses du CNRS' (Vernaison, France) using Inductively Coupled Plasma Mass Spectrometry ICP-MS. Before ICP-MS chemical analyses, the samples were dissolved in acidic media.
The specic surface areas were determined using a conventional multipoint BET nitrogen adsorption method with a Micrometrics Tristar II apparatus. Prior to nitrogen adsorption, the samples were outgassed for 4 h at 423 K under nitrogen ow.
Thermo gravimetric analysis (TGA) was performed using a Thermal Analysis instrument (TG92 Setaram) connected to a mass spectrometer (Omnistar), on 15 mg of sample. The weight loss was recorded under synthetic air, at a heating rate of 10 K min À1 from room temperature to 1273 K.
Routine powder X-ray diffractograms were recorded at room temperature (RT) using a Bruker AXS D8 Advance diffractometer working in a Bragg-Brentano geometry and equipped with a LynxEye Super Speed detector. Data were collected using the CuKa 1,2 line in the 10-90 2q range with a 0.02 2q step. The Fullprof Suite program was used for Rietveld renement. 25 The Thompson-Cox-Hastings pseudo-Voigt function was chosen for describing the peak proles. LaB 6 was used as a standard to derive the instrument resolution. 26 Here, an anisotropic sizebroadening model based on linear combination of spherical harmonics was used to simulate the size broadening, and 6 additional parameters were rened. From this renement, the individual size was derived for each crystallographic plane.
Temperature-programmed XRD was also carried out on a Bruker AXS D8 advanced apparatus equipped with an Anton Paar HTK1200N high temperature chamber, and connected to a VANTEC fast linear detector, which enables short acquisition time. Each sample was deposited on a Pt sheet. The experiments were performed by increasing the temperature from 323 K to 1273 K, while acquiring a diffractogram at every 25 K. The data acquisition parameters correspond to an angular range of 10 -70 with a step of 0.015 and an acquisition time of 0.22 s per step.
The morphology of the catalysts was observed using Scanning Electron Microscopy images recorded on a Hitachi S-4700 apparatus with a 50k magnication.
Transmission infrared (IR) spectra were recorded from 400 cm À1 to 4000 cm À1 at room temperature under vacuum in a Nicolet 460 Fourier transform infrared spectrometer. The samples were prepared by intimately mixing 1 mg of powdered sample with 150 mg of dried KBr.
All the 1D and 2D MAS-NMR (CP HETCOR) spectra were recorded at room temperature using a Bruker Advance spectrometer working at a 1 H Larmor frequency of 400 MHz (9.4 T). The resonance frequency of 31 P was then 161.9 MHz. A Bruker 4 mm CP MAS probe was used to perform all the experiments at a spinning speed of 10 kHz. The chemical shis were determined using tetramethylsilane (TMS) (0 ppm) and H 3 PO 4 (d ¼ 0 ppm) as reference compounds, for 1 H and 31 P spectra, respectively.
The surface Ca/P ratio and the CO 3 2À content of the HAPs were determined from the areas of the Ca 2p, P 2p and C 1s photopeaks recorded using XPS on a Kratos Axis Ultra DLD spectrometer. Photoelectrons generated by a monochromatic Al-Ka X-ray radiation source operating at 150 W (15 kV, 10 mA) having initial kinetic energies of up to 1486.7 eV ensured an average depth for an electron escape of $1-10 nm. High-resolution scans were acquired with 40 eV pass energy and 300 ms dwell times. All the resulting binding energy values were corrected using the C 1s peak (C-C) xed at 285 eV as a reference. LEIS spectra were recorded using a Qtac 100 spectrometer (ION TOF Gmbh). The spectra were recorded using a 3 keV 4 He + beam. Assuming a sputter yield of 0.1 atoms per He-ion under a 4 nA target current, the total dose density was less than 3.0 Â 10 13 atoms per cm 2 .
The density of acid sites in the samples was determined by TPD-NH 3 using a Micrometrics apparatus equipped with a mass spectrometer. 150 mg of sample were purged for 30 min in a He ow of 40 mL min À1 at 673 K before being naturally cooled to room temperature. The sample was then contacted with a 10% NH 3 /He atmosphere during 30 min in a 30 mL min À1 ow before being further purged for 2 h at room temperature under 50 mL min À1 He ow. Aer purging, the temperature was raised at a rate of 10 K min À1 to 873 K in under 30 mL min À1 He ow. The quantity of desorbed NH 3 was determined by mass spectrometry using the peak with m/z ¼ 15.
The density in basic sites was similarly evaluated using TPD-CO 2 with 5% CO 2 /He on the same micrometrics apparatus under the same conditions as those employed for TPD-NH 3 . The quantity of basic sites was determined by mass spectrometry using the peak with m/z ¼ 44.
The nature of the medium-strong acid sites was then determined by PEA-XPS analysis, using the adsorption of PEA as a probe molecule before XPS measurement. 22 Prior to the adsorption, the calcined samples were outgassed at 523 K for 4 h under Ar ow. The cleaned powder was then transferred to a glass cell connected with vacuum/gas lines, and liquid PEA (purity >99%, purchased from Fluka) was introduced in the cell to cover up the powder during 2 h under Ar ow. Then, the excess of non-adsorbed PEA was removed by ltration using primary vacuum under Ar ow. The sample was then directly transferred to the chamber of the spectrometer for analysis. PEA is a strong base that can be retained by weak, medium, and strong acid sites over solid surfaces. Note that XPS measurements of PEA provide information only on the strong and medium acid sites and not on the weakest sites, which cannot hold this probe under the ultra-high vacuum conditions of the analyses, the latter being desorbed under such harsh conditions. 22 A pulsed liquid chromatographic technique 23 was further used for the determination, directly in a liquid phase, of the amount of the surface basic sites using benzoic acid adsorption. All the experiments were conducted using a liquid chromatograph (HPLC) connected to a Waters model 510 pump, a Rheodyne 7725 injector and a Waters model 2487 UV detector coupled to a personal computer for the collection and data processing. The sample was placed in a sample holder, in the form of a small stainless steel tube (i.d. ¼ 2 mm, length ¼ 12 cm) placed in replacement of the chromatographic column in the HPLC. Prior to analysis, the sample was placed at the centre of the sample holder tube, supported by silica wool and acidwashed sea sand (Fluka), which are totally inert towards the adsorption of the benzoic acid probe. For each experiment, a weighed amount of fresh sample was outgassed in a furnace for 16 h at 623 K under air ow (8 mL min À1 ), and then the cell was evacuated under vacuum before being lled with cyclohexane as an apolar-aprotic solvent. The linearity of the chromatographic response as a function of the benzoic acid concentration in cyclohexane was checked by injecting known concentrations of benzoic acid solutions. In each adsorption test, pulses consisting of 20 ml benzoic acid solution of a known concentration of 0.05 mol L À1 were passed through the sample at a constant cyclohexane ow rate (0.5 mL min À1 ). The unabsorbed amount of benzoic acid aer each pulse was recorded until the sample saturation (total recovery of the benzoic acid in the injected pulse and completion of the rst cycle). If a 1 : 1 adsorption stoichiometry is assumed in this cycle, the total number of basic sites corresponds to the total amount of benzoic acid adsorbed on the sample. In the second cycle, the sample was purged with cyclohexane (0.05 mol L À1 ) to remove the weakly adsorbed benzoic acid molecules on the solid surface. Finally, a third benzoic acid adsorption cycle similar to the rst cycle was performed which determines the amount of benzoic acid molecules removed during the purge and therefore the weak basic sites. The amount of strong basic sites is thus calculated by the difference between the total amount of basic sites (titrated in the rst cycle) and the amount of weak basic sites obtained in the third cycle.
Acid-base properties of all the solids were nally evaluated using a test catalytic reaction, namely the isopropanol conversion, which gives propylene (and also small amounts of di-isopropylether, which was detected over some samples), over acid sites and acetone over basic sites. The selectivity of the samples was compared at 20% iso-conversion of isopropanol, which was adjusted by properly setting the reaction temperature (typically between 548 K and 623 K). The reaction was carried out in a glass ow reactor working at atmospheric pressure. The solid was ground and sieved to particle size in the 80-100 mm range. This powdered and sieved material (100 mg) was then mixed with an equal quantity of carborundum (120 mm) and used as a catalyst bed followed by another layer of 500 mg carborundum to ensure thermal homogeneity and smooth heat transfer inside the reactor. The reactant feed containing 2 mol% of isopropanol was obtained by bubbling He (25 mL min À1 ) through liquid isopropanol placed in a saturator maintained at 283 K. The reaction products were analysed on-line using a gas chromatograph equipped with a HP-INNOWax column (l ¼ 30 m, i.d. ¼ 0.25 mm, lm thickness ¼ 0.50 mm) and a ame ionization detector.
Results and discussion
Bulk composition of the solids
It is known that the Ca/P atomic ratios obtained by chemical analysis of the nal solids differ from those of the solutions used during their synthesis. 27, 28 The Ca/P atomic ratios of all the prepared samples (Table 1) were indeed lower than the Ca/P molar ratios in the preparation solutions, except for the decient and the stoichiometric apatites, namely HapD and Hap. Indeed, for HapD and Hap, the Ca/P atomic ratios in the solid were 1.62 and 1.69, respectively, compared with 0.9 and 1.67 xed during their synthesis. The chemical compositions of the solids further show that an increase in the Ca/P ratio was accompanied by a linear increase in the carbon content ( Fig. 1) , which can most probably be attributed to the introduction of carbon in the form of carbonate ions in the apatite structure, in substitution to phosphate ions (vide supra).
Specic surface areas
The specic surface areas of all the calcined solids were larger than 100 m 2 g À1 , except for the carbonate-rich apatites, namely HapE-CO 3 and HapE-Na-CO 3 , with 76 and 72 m 2 g À1 , respectively (Table 1) . Hence, this underlines that this preparation method carried out in an open atmosphere can provide apatites with high surface areas, which however decreased a little bit when introducing CO 3 2À ions in the case of carbonate-rich solids.
3.3 Structure of the solids 3.3.1 Crystallographic structure. All the X-ray diffraction patterns suggested the exclusive presence of the crystalline hydroxyapatite phase (JCPDS 01-084-1998) with small differences in Bragg peak positions ( Fig. 2 ). 29 A small shi of the (3 0 0) Bragg peak towards higher 2q values associated with better crystallinity was observed when the carbonate content increased from HapD (2q ¼ 32.8 ) to HapE-Na-CO 3 
The apatite structure was rened in the p6 3 /m space group, using the structure model proposed by Hughes et al. 29 The atomic positions of all the atoms were rened. To take into account the thermal vibrations, an overall parameter was used for all the crystallographic sites. For all the samples, the XRD pattern showed a thinner Full Width at Half Maximum (FWHM) for the (0 0 2) reection compared to the FWHM of the other reections (see the inset in Fig. 2 and S1 †), indicating the presence of anisotropic crystallites. Therefore, an anisotropic size-broadening model based on linear combination of spherical harmonics was used to simulate the size broadening, 30 taking into account the instrument resolution from a LaB 6 pattern. From this model, the crystallite shape was deduced. For Hap and HapE-Na-CO 3 taken as examples, a good agreement was obtained between the calculated and the experimental data in all the solids (Fig. S2 †) . All the results are summarized in Table 2 .
As expected, a decrease in the a values with increasing the carbonate content from 9.4210(4)Å in HapD to 9.3111(8)Å in HapE-Na-CO 3 was observed except for Hap, which showed a lower a value compared to Hap-CO 3 . This observation is in good agreement with the partial substitution of phosphate groups by carbonate ions, as previously reported. [32] [33] [34] In contrast, an increase in the carbonate content led almost to no evolution of the c value, which corresponds to the stacking direction of the apatite structure. Only a slight increase in the c value was observed for the sodium-containing samples (HapNa-CO 3 & HapE-Na-CO 3 ), as already reported for sodium-substituted apatites compared to pure Hap. 33, 35 While structure models have been proposed for carbonatecontaining apatites, 33 because of the too low X-ray scattering length of carbon atoms, it was not possible here to rene the carbonate positions. However, we could conrm the partial substitution of phosphate groups by rening the occupancy of phosphorous sites, thereby indirectly determining the occupancy of carbonates from the vacancies in the phosphorous sites. The phosphorous vacancies were then rened for all the compositions ( Table 2 ). As expected, the renements led to the lowest phosphorous occupancies of 89.4(4)% and 78.6(4)%, respectively in the carbonate-rich HapE-CO 3 and HapE-Na-CO 3 samples, compared to the other apatites. This reveals the presence of higher amounts of carbonates in the phosphorous sites of carbonate-rich apatites, which is in good agreement with the introduction of carbonates in the P sites (B-type apatite sites). It was not possible to rene the Na occupancy in the calcium site of HapE-Na-CO 3 , in good agreement with the low sodium amount observed by ICP. In the case of HapNa-CO 3 , introduction of sodium in the Ca(I) site led to a small occupancy corresponding to 0.18(9) Na for 9.82 calcium atoms in the apatite, in rather good agreement with the sodium amount measured by ICP (0.28 wt%). Moreover, introduction of Na in the Ca(II) sites led to a negative occupancy, indicating a preference of Na for the Ca(I) sites, and, therefore, in the renement, sodium was introduced only in the Ca(I) sites. For the decient apatite (HapD), renement of calcium sites occupancies led to unrealistic values, which were higher than '1'. Therefore, the calcium occupancy was xed to 1, and it was thus not possible to conrm the calcium deciency only using X-ray diffraction. Moreover, for this composition, a phosphorous occupancy of 97.0(4)% was obtained, suggesting the presence of a small amount of carbonates in the B sites. Fig. S3 † shows that the (Ca + Na)/P ratio rened from XRD data increased linearly with the same ratio determined by ICP. However, the XRD-deduced ratios exhibited a slight deviation from the so-to-speak ideal ICP ratio, especially for HapE-Na-CO 3 with a higher Ca+Na/P ratio compared to the other apatites. In terms of the phosphorous site occupancy, this makes a difference of 10% with 79% (ICP) to be compared to 69% (XRD). This deviation can be explained by the limited accuracy on the phosphorus occupancy from XRD data, since the overall parameter was used in renement for all the crystallographic sites, and the thermal vibrations and occupancies in such renement are strongly correlated.
3.3.2 Crystallite and grain shape. As aforementioned, an anisotropic size-broadening model was used to deduce the crystallite size. As shown in Table 2 , the crystallite size along the (1 0 0) and (0 0 1) planes, determined by Rietveld renement, indicated that the crystal growth increased with an increase in the Ca/P ratio or carbonate content ( Table 2 ). The length/thickness ratios of Hap and HapD were identical (3.2), and slightly higher for Hap-CO 3 (3.3) and HapNa-CO 3 (3.6), which contains just a few carbonates, suggesting similar elongated crystallite shapes. In contrast, a lower length/thickness ratio was observed for the apatites rich in carbonates (2.4 & 1.8), thus indicating that the crystallites became more spherical for carbonate-rich apatites ( Table 2) . To verify whether the crystallite shapes obtained by Rietveld renement have an inuence on the grain shape, scanning electron microscopy pictures were taken. The anisotropy observed by XRD was then conrmed by SEM ( Fig. 3 ). Irregularly shaped agglomerates were observed for stoichiometric (Hap) and decient apatites (HapD), while at needle/rod-shaped clusters were observed for the carbonated apatites Hap-CO 3 and HapNa-CO 3 . The pictures also revealed capsule and spherically shaped grains for HapE-CO 3 and HapE-Na-CO 3 , respectively. In all the cases, the grain shapes were thus in good agreement with the crystallite shape determined by renement from XRD diffractograms. However, using SEM, bigger particles with length in the order of 100 mm were observed, indicating agglomerated poly-crystallite grains.
3.3.3 Amount and type of carbonate substitution 3.3.3.1 Thermal stability and carbonate content. To check the thermal stability of the apatite solids, temperature-programmed XRD was carried out using 3 selected compositions, namely HapD (a decient apatite), Hap-CO 3 (carbonated apatite very similar to Hap and HapNa-CO 3 ), and HapE-Na-CO 3 (a carbonate-rich apatite, similar to HapE-CO 3 ). The decient apatite HapD was chosen, since it is supposed to decompose to stoichiometric apatite (Hap-like) and Ca 3 (PO 4 ) 2 , 27, 36 whereas all the other apatites with a Ca/P ratio higher than 1.67 should decompose to stoichiometric apatite and CaO. 27 The soobtained series of X-ray patterns are shown in Fig. S4 . † As expected, HapD decomposed to stoichiometric apatite and Ca 3 (PO 4 ) 2 with the appearance of two forms of Ca 3 (PO 4 ) 2 , namely a-Ca 3 (PO 4 ) 2 (JCPDS 01-070-0364) and syn-Ca 3 (PO 4 ) 2 (JCPDS 00-009-0169), at 973 K. Compared to normal stoichiometric apatites (Ca/P ¼ 1.67), Ca 3 (PO 4 ) 2 formed from decient HapD exhibits a smaller Ca/P ratio of 1.5 and the formation of Ca 3 (PO 4 ) 2 is thus an indirect proof of calcium deciency in HapD. In contrast, for temperatures higher than 998 K, the formation of calcium oxide was observed for Hap-CO 3 , and the same transformation was noticed at around 898 K for HapE-Na-CO 3 for which, in addition, a slight modication of the X-ray pattern was noticed at 823 K. It was characterised by a decrease in intensity and an increase in the FWHM of the (0 0 2) Bragg peak and by the appearance of an additional peak around 2q ¼ 29.5 , which further disappeared at 923 K, maybe due to the reconstruction of the apatite structure (Fig. S4 †) . Since only one additional Bragg peak was observed, it was not possible to go further in the understanding of this modication.
These transformations were further examined by means of thermogravimetric analysis combined with mass spectrometry (Fig. 4) , conrming the aforementioned XRD results. For all the compositions, weight losses are due to the release of CO 2 and/or H 2 O as observed from the TPD-MS curves ( Fig. S5 and S6 †). In agreement with previous studies, 24, 37 weight losses are attributed to the H 2 O and CO 2 desorption from the hydroxyapatite surface below 823 K and to the CO 2 released from the crystal above 923 K. Indeed, in this temperature range, as observed in the TPD-MS curves, the release of H 2 O is very low and its corresponding weight loss can be negligible. The thermograms can be divided into three groups, corresponding to the observed shapes of the recorded lines: (a) HapD and Hap-Na-CO 3 , (b) Hap and Hap-CO 3 and (c) HapE-CO 3 and HapE-Na-CO 3 . In group (a), a clear transition was observed at 973 K in good agreement with the decomposition of HapD observed by X-ray diffraction ( Fig. S4(a) †) . For the second group (b), the transition occurred at around the same temperature of 973 K, but was not sharp, and a plateau was not obtained at 1273 K. For carbonate-rich apatites HapE-CO 3 and HapE-Na-CO 3 [group (c)], MS curves indicate surprisingly no departure of CO 2 before 873 K. The release of CO 2 in the HAPs started at a lower temperature, and occurred in two steps with a change in the slope around 1000 K, in good agreement with the high temperature X-ray diffraction study. Assuming that the decomposition of all the apatites led to stoichiometric HAP and CaO [except for HapD, for which this is Ca 3 (PO 4 ) 2 instead of CaO] at the end of the thermal study, it was possible to calculate the corresponding loss in CO 2 or, otherwise, of CO 3 2À moles per apatite formula ( 3 . It is worth mentioning that the carbonate content deduced from XRD and TGA was in good agreement with the ICP analysis, conrming the good precision and the reliability/ accuracy of the XRD renement (Table 3) . Moreover, a linear increase was observed in the case B-type CO 3 2À obtained both from TGA and XRD as shown in Fig. 5 , in excellent agreement with the theoretical line.
A & B
-type carbonate substitution. Fig. 6 and 7 represent two domains of the IR spectra of the HAP samples, focused on two different respective spectral regions, namely 700-1800 cm À1 and 3300-3700 cm À1 . All the IR spectra conrmed the formation of carbonate-containing apatites with bands at 872 cm À1 , 1460 cm À1 and 1419 cm À1 . [38] [39] [40] The fundamental vibrational modes of PO 4 species gave rise to bands at 565 cm À1 , 605 cm À1 , 963 cm À1 and 1030-1100 cm À1 , as reported earlier. 41, 42 Further, HPO 4 2À groups might also be present, with the characteristic band at 872 cm À1 . However, this latter is known to overlap with a carbonate band, making straightforward conclusions impossible. 38 The broad vibrational band in the 3300-3700 cm À1 range is due to the presence of adsorbed and constitutive water molecules. The presence of carbonates in B-sites was conrmed by the increase in the intensity of the typical band at 872 cm À1 observed in carbonate-rich apatites, 40, 43 which could make the presence of HPO 4 2À species quite questionable, but these latter were detected using NMR spectroscopy (see Section 3.4). In addition, the peaks at 1460 cm À1 and 1419 cm À1 can be attributed to CO 3 2À substituting PO 4 3À groups, which thus lead to the formation of B-type apatites. 39 The band at 3572 cm À1 is assigned to structural OH À groups. It is worth noting that the intensity of this band was higher for all the apatites except for carbonate-rich apatites (Fig. 7) . It was almost not detected in HapE-Na-CO 3 and was not so signicant in the case of the HapE-CO 3 sample, conrming also the A-type substitution of OH À by CO 3 2À ions in the carbonate-rich apatites. 40 So, the A-type substitution was especially evidenced when the carbonate content in the HAP was very high, which is in good agreement with the TGA results. In brief, the IR spectra thus conrmed the A or/and B-type substitution by CO 3 2À groups in all the apatite solids, which is in agreement with the XRD and TGA observations. 
Presence of HPO 4 2À groups in the prepared solids
Since, it was not possible to clearly assess the presence of HPO 4 2À groups in the solids by using FTIR-spectroscopy, 1 H-31 P CP MAS-NMR was performed. This technique enables detecting the presence of P belonging to acidic HPO 4 2À groups and of P belonging to PO 4 (orthophosphate) species. All the samples exhibited a common signal resonating at 3.3 ppm due to PO 4 3À species (Fig. S7 †) . 43 Moreover, the line shape of the peaks tended to vary with the carbonate content; carbonate-rich apatites give rise to broader peaks. This phenomenon is due to the distortions or defects in the P environment, resulting from the statistical carbonate substitution/ removal of the ions in the apatite structure. 44 In addition to this signal, a broad peak centred at 6.5 ppm was clearly observed for HapD and Hap, which both contain a lower carbonate content compared to the other samples. For the other apatites, it was difficult to differentiate this signal due to its low intensity, and also because of the broadening of the signal of the orthophosphate species at 3.3 ppm. This peak can be attributed to a distribution of phosphorus species due to the low content of carbonate.
In order to conrm the presence of HPO 4 2À groups in the materials, 2D 1 H-31 P heteronuclear correlation (HETCOR) spectra were then recorded. Fig. 8 shows the 2D spectra of the solids at the short contact time of 1 ms, at which the intensity of the signal due to HPO 4 2À groups is known to be more pronounced than the phosphorus signal in the close vicinity of H 2 O. 44 The 2D spectra of all the solids clearly show a signal resonating at 0 ppm along the 1 H axis due presence of the proton of OH À that cross polarizes with P of phosphate groups, and a second signal resonating between 3 to 8 ppm along the 1 H axis mainly due to protons from HPO 4 2À groups. This latter is also observed in 2D spectra recorded with a very short contact time of 150 ms (not shown) corresponding to a selective time for a short P-O-H distance, hence to HPO 4 2À groups. 45 So, the presence of acidic HPO 4 2À groups was evidenced in all the HAPs, irrespective of the Ca/P ratio. However, quantication was not possible with this technique, which remains qualitative.
Surface composition of the HAPs
3.5.1 Surface Ca/P ratios and carbonate species. XPS analysis was then carried out to get surface information. The comparison of the Ca/P ratios and of the C carbonates /P ratios determined by ICP, XRD/TGA and XPS is given in Table 4 . Concerning the Ca/P ratios, the XPS surface analysis is in good agreement with the bulk analysis for all the solids, except for HapD and Hap. Surface Ca/P ratios of 1.19 in HapD and 1.27 in Hap were much lower than the bulk ratios, 1.62 and 1.69, respectively. This is in good agreement with previous studies, 3, 46 and indicates that, for these two compositions, Ca species are less exposed to the surface than phosphates, at least within the ca. 10 nm analysis depth limit of the XPS technique. For the other samples, the surface Ca/P ratios increased from 1.66 (Hap-CO 3 ) to 2.06 (HapE-Na-CO 3 ) with the increase in the content of carbonate ions and turned out to be almost similar to bulk ratios.
The surface carbon-based species have been examined using the characteristics of the C 1s photopeak. The decomposition of the C 1s peak allowed us to evidence four components, corresponding namely to C-C, C-O and C]O bonds, as well as a specic feature corresponding to CO 3 2À , with respective binding energies of 285.0 (xed reference), 286.5, 288.5 and 290.0 eV (Fig. S8 †) . The relative intensity of the peaks attributed to species containing C-O, C]O was similar, irrespective of the sample with C-O/C]O ratios between 1.2 and 1.8, whereas the intensity of the CO 3 2À species over the surface showed the global trend of increasing together with the CO 3 2À content (Table 4 ). Previous studies have shown that a variation in the Ca/P ratio in HAPs drastically changes their chemical properties. 3 Likewise, the solids prepared with different Ca/P surface ratios, and, furthermore, exhibiting different C carbonates /P ratios should exhibit different surface properties, depending in part on the amount of carbonates present on their surfaceor, at least, adsorbable at their surface. This will be checked later on in the present paper when examining the acid-base properties of the solids.
As a partial conclusion for this part, while for all the samples the C carbonates /P ratios obtained from XRD/TGA were comparable and in rather good agreement with the C carbonates /P ratios obtained from ICP (Table 4 ), the C carbonates /P ratio determined by XPS was not consistent, underlining the surface complexity in hydroxyapatite solids.
3.5.2 Composition of the outermost atomic layer of the samples. To get insights into the elemental composition in the rst atomic layer of solids, LEIS, a very sensitive technique, is used. To verify whether the Ca/P ratio or the carbonate content affects the topmost surface atomic distribution, stoichiometric Hap (low Ca/P ratio and carbonate content) and HapE-Na-CO 3 (high Ca/P ratio and carbonate content) were chosen for analysis ( Fig. 9 ). For Hap and HapE-Na-CO 3 , two surface peaks due to Ca and O are clearly observed at 2000 eV and 1135 eV, respectively. A surface peak due to P is observed at 1790 eV, but is overlapped by the background signal resulting from the background of the secondary ions and/or the in-depth signal of Ca present from deeper layers. To clearly assess the expected position of a peak due to P, LEIS was performed using NH 4 H 2 PO 4 as a standard, which is a precursor used in the hydroxapatite synthesis. A signal is clearly observed at 1790 eV, thus conrming the presence of P on the apatite surfaces. Despite the poor intensity of the phosphorous peak, it is worth noting that it is less intense for HapE-Na-CO 3 than for Hap. These results suggest that Ca ions and O ions are more exposed to the rst atomic layer of hydroxyapatites, irrespective of the Ca/P ratio (1.69 & 2.39) and of the carbonate content (0.40 & 2.95 wt%) in Hap and HapE-Na-CO 3 , respectively. This may contradict the results obtained by XPS, which showed a lower Ca/P ratio for Hap. However, we have to remind that the LEIS technique only probes the topmost atomic layer of the samples, while XPS gives information on the composition, but along a depth of a few nanometers. The O atoms of the rst atomic layer belong to PO 4 3À , CO 3 2À and CaO/ Paper Ca-O À species present at the surface of the apatites. So, we could also propose that the surface of the hydroxyapatite crystallites mainly consists of Ca species rather than P species. Since the results obtained from Rietveld renements have shown that the crystallite growth is more along the [0 0 1] direction or in the caxis direction, the Ca ions should be more exposed along the caxis, that is, on ac and bc planes. A schematic representation of the two possible crystallite surface cleavages is shown in Fig. 10 . According to the above results, we then suppose that, in our study, the apatite crystallites are mainly cleaved in such a way that Ca atoms are more exposed on the surface, represented by the green line in Fig. 10 .
3.6 Acid-base properties of the solids 3.6.1 Acid site number, nature, and relative distribution. Fig. 11 shows the NH 3 -TPD curves for all the apatite solids. It clearly appears that the peak corresponding to the decient apatite HapD is much broader and exhibits the highest Full Width at Half Maximum (FWHM) value of 497 K. In addition, the maximum of the peak of HapD was shied to a higher desorption temperature (513 K) compared to the other solids. This reects the presence of stronger acid sites in a very broad temperature range extending up to 773 K. The FWHM decreased further to 435 K for Hap, whose peak is broadened up to a desorption temperature of 698 K. The FWHM was lowered for carbonated apatites Hap-CO 3 (410 K) and HapNa-CO 3 (412 K) compared to more acidic apatites HapD and Hap, but these samples still possessed acid sites of a relatively high strength, of which the desorption temperature extended up to 623 K. The intensity of the signals obtained for carbonate-rich apatites was clearly lower compared to that of the other apatites, though the desorption temperature extended up to 623 K, similarly to that of the carbonated apatites. Hence, Hap and especially HapD show their predominant acidic character with stronger acid sites compared to other apatites. The total number of acid sites in the samples was determined by integrating the NH 3 -TPD proles and the results are gathered in Table 5 . The specic acidity of the apatites decreased rather linearly from 7.73 to 1.87 mmol m À2 with the increase in the Ca/P surface ratio and the surface carbonate content, as shown in Fig. S9 . † The variation in the specic acidity can be linked with many parameters, such as the crystallite morphology, the surface Ca/P ratio, and the quantity of surface HPO 4 2À , CO 3 2À , CaO species, resulting from the replacement of PO 4 3À /OH À groups. 3, 46 It has been observed from LEIS that Ca 2+ (Lewis acid sites) present in ac and bc unit cell faces of apatites become more exposed to the surface if crystallite grows along the [0 0 1] direction, which is in good agreement with previous reports. 47, 48 We saw above that the crystallite growth along the c-axis ([0 0 1] direction) increased with the carbonate content, which means that the carbonate-rich apatites, which have a larger crystallite size along the c-axis, should possess more acid sites due to the exposure of a larger amount of Ca 2+ species. Instead, carbonate-rich apatites presented a lower density in acid sites, maybe because most of the Ca exists in the form of CaO or Ca-O À species present at the surface due to the excess Ca/P ratio in carbonate-rich apatite solids. The Ca 2p 3/2 XPS peak of carbonate-rich apatites was broadened with higher FWHM compared with the peak of stoichiometric Hap (data not shown), most probably due to the presence of CaO. Moreover, the high temperature XRD showed peaks due to CaO species, which are more predominant in carbonate-rich apatites. So, we suppose that the CaO phase might also be present in all the apatite solids at room temperature, but in a highly dispersedsurfacestate, similar to recent ndings on Sr apatites, which evidenced the presence of highly dispersed SrO species. 49 HapD has a higher number of acid sites due to the contribution from HPO 4 2À groups or OH À vacancies, which are more numerous in decient apatites and in good agreement with previous reports. 3 PEA-XPS investigation of the apatite surfaces was used as a complementary way to the TPD approach to determine the Brønsted or Lewis nature of the surface acid sites, as previously reported. 22, 50 The PEA-XPS spectra of all the samples presented a broad N 1s peak centered at binding energies in the 396.5-405.0 eV range, which could be decomposed into two peaks, at BEs of 398.0-405.0 eV and 396.5-403.5 eV, thus revealing the presence of Brønsted and Lewis acid sites, respectively (Fig. 12 ). Also, it has been reported that the basic probe can be retained on Brønsted sites by the formation of an ammonium cation and on Lewis sites by the formation of a complex. 22, 50 Taking into account the hydroxyapatite surface, we propose that the ammonium cation can be formed with PEA mainly on acidic HPO 4 2À groups present on the HAP surface and the complex formation can take place over Ca 2+ or over OH À vacancies (d+) ( Fig. 13 . For HapD and Hap, this larger contribution of Brønsted acid sites is linked with the observation of higher FWHMs of 497 K and 435 K, respectively, of their NH 3 -TPD proles, so that we can deduce that, on these samples, strong Brønsted acid sites are created.
3.6.2 Number and distribution of basic sites. Basic sites with at least three different strengths can be distinguished from the CO 2 -TPD proles (Fig. 14) . The main contribution to the CO 2 desorption peak seems to be due to weak basic sites with a maximum observed at 398 AE 10 K over all the apatites. A second peak at around 493 K due the presence of basic sites of a medium strength is also observed, more clearly for HapNa-CO 3 and Hap-CO 3 with a more intense signal. A last peak is observed at around 613 K, due to the presence of strong basic sites for Hap, Hap-CO 3 and HapNa-CO 3 . This peak was observed neither in the decient apatite HapD nor in the carbonate-rich apatites (HapE-CO 3 and HapE-Na-CO 3 ). Since the carbonate-rich apatites are solids that have shown the A-type substitution of CO 3 2À replacing the OH À groups, we suppose that the absence of the peak due to stronger basic sites arises from the lack in basic OH À species. It is known that in the case of decient apatites (here, HapD), deciency of Ca 2+ ions is compensated by the addition of H + and removal of OH À ions, and this may be the reason for the absence of OH À peaks in HapD. But, further investigations are needed to conrm this assumption of OH À as stronger basic sites. The amount of basic sites was determined by integrating the TPD prole of CO 2 ( Table 6 ). The number of basic sites tended to increase from 41.33 mmol g À1 to 155.33 mmol g À1 when the Ca/P ratio or the carbonate content increased from HapD to HapNa-CO 3 , and then decreased with further increase in the Ca/ P ratio or carbonate content in carbonate rich apatites.
In contrast, the specic basicity increased from 0.33 mmol m À2 to 1.4 mmol m À2 when the Ca/P ratio or the carbonate content increased from HapD to HapNa-CO 3 and remained almost unchanged with further increase in the Ca/P ratio, namely in carbonate-rich apatites, HapE-CO 3 and HaE-Na-CO 3 .
Benzoic acid adsorption using a pulse liquid chromatographic technique, 23 a complementary technique to TPD-CO 2 , was also employed to determine the distribution of strong and weak basic sites. Specic basicity determined by benzoic acid adsorption show somewhat different results compared to the TPD-CO 2 technique. Contrary to the lower amount of basic sites in HapD (0.33 mmol m À2 ) compared with Hap (0.87 mmol m À2 ) as determined by TPD-CO 2 , the benzoic acid adsorption resulted in higher amounts of basic sites in HapD (2.09 mmol m À2 ) than in stoichiometric Hap (1.70 mmol m À2 ). Considering the carbonated apatites, Hap-CO 3 owns specic basic sites of 4.66 mmol m À2 , but HapNa-CO 3 (1.24 mmol m À2 ) has the lowest amount of specic basic sites compared to all the other apatites. Specic basicity observed for carbonate-rich apatites HapE-CO 3 (4.08 mmol m À2 ) and HapE-Na-CO 3 (4.88 mmol m À2 ) were higher than for all the other apatites except for Hap-CO 3 , which has more basic sites than HapE-CO 3 . The highest amount of basic sites obtained using benzoic acid determination once again conrms the presence of CaO species in carbonate-rich apatites. 3.6.3 Acid-base reactivity of the HAPs. Isopropanol tests were performed at an isopropanol conversion of 20% and the variation in propylene and acetone distribution over the HAPs is shown in Fig. 15 . The catalytic conversion of isopropanol over all the apatites yielded propylene, acetone, di-isopropyl ether and negligible amount of dienes. Acetone can be formed over basic sites and propylene and di-isopropyl ether over acid sites, as previously reported. The propylene formation was much higher over HapD and Hap compared to all the other apatites, underlining the acidic behavior of these catalysts, which is in good agreement with TPD-NH 3 and PEA-XPS. The high amount of acid sites and the presence of more Brønsted acid sites (HPO 4 2À groups) with higher strength in HapD and Hap can explain this predominant formation of propylene. The propylene selectivity was lowered from 92% to 40.3% with increase in the Ca/P ratio from 1.62 in HapD to 1.69 in Hap, but
Hap still possessed a relatively high acidic character compared to the other catalysts. For carbonated apatites, Hap-CO 3 (Ca/P ¼ 1.70) and HapNa-CO 3 (Ca/P ¼ 1.72), the propylene formation was then drastically reduced to 7% and 8.4%, respectively. This shows decrease in the acidic behaviour of HAPs with increase in the Ca/P ratio or the carbonate amount above a certain limit. Selectivity to propylene was further lowered to 3.5% and 4.2%, respectively for carbonate-rich apatites HapE-CO 3 (Ca/P ¼ 1.90) and HapE-Na-CO 3 (Ca/P ¼ 2.39), showing the lack in acidic nature of apatites with very high Ca/P ratios or carbonate contents. Selectivity to acetone tended to increase readily with the increase in the Ca/P ratio from HapD to HapE-Na-CO 3 . HapD with the lower Ca/P ratio of 1.62 was less selective to acetone (5%) than all the other apatites, which is in good agreement with the lower number of basic sites (41.33 mmol g À1 ) over this sample. Selectivity to acetone considerably increased to 39% in Hap (Ca/P ¼ 1.69). Further increase in the Ca/P ratio for carbonated apatites, namely Hap-CO 3 and HapNa-CO 3 , led to an increase in the acetone selectivity to 49%, and 53.2%, respectively. While the carbonate-rich solids, HapE-CO 3 (Ca/P ¼ 1.90) and HapE-Na-CO 3 (Ca/P ¼ 2.39) possess a lower number of basic sites compared to carbonated apatites, they have shown higher selectivity to acetone compared to all the other apatites. This can be due to the presence of more basic CaO species over carbonate-rich apatites, which enhance the dehydrogenation of isopropanol to acetone. Comparing the carbonate-rich apatites HapE-CO 3 and HapE-Na-CO 3 , the latter was found to be more selective to acetone, though it possesses a lower amount of basic sites compared to HapE-CO 3 . This can be thus due to formation of more CaO species over HapE-Na-CO 3 compared to HapE-CO 3 . It is also worth noting that, though catalysts Hap, Hap-CO 3 and HapNa-CO 3 possess stronger basic sites, they have shown lower selectivity to acetone compared to carbonate-rich apatites, which lack in stronger basic sites. This might indicate that dehydrogenation of isopropanol to acetone probably mainly took place over weak or medium basic sites.
The plot of the propylene/acetone selectivity ratio (indirectly representing the acid/base behavior) as a function of the number of acid sites to the number of basic sites (direct acid-base behavior) is shown in Fig. 16 . Hap and HapD clearly show a deviation (represented by dashed line) from the other apatites, which can be related to their higher acidic behavior ( Fig. 16(a) ). In addition, a rather linear increase in the propylene/acetone selectivity ratio with the acidity/basicity ratio (dashed line in Fig. 16(b) ) was observed for carbonated and carbonate-rich apatites. Then, a remarkable correlation is observed between the isopropanol reactivity and acid-base properties for these samples.
Formation of di-isopropyl ether was observed in small amounts, 2% in HapD and 0.9% in Hap and trace amounts (below the quantication limit of ca. 0.5%, with a slightly visible GC peak quite mixed with the background and thus not exploitable) over the other apatites.
As a conclusion to this part, HapD and Hap have shown their predominant acidic behaviour compared to all the other Fig. 15 Selectivity to propylene and acetone at 20% conversion of isopropanol in the presence of the apatite solids. apatites, which have shown much lower propylene selectivities. This predominant acidic behaviour is mainly due to the presence of stronger acid sites, especially of the Brønsted type. The presence of highly dispersed basic CaO species created from excess the Ca/P ratio than the stoichiometric value (1.67) could be the reason for the higher acetone selectivity over carbonaterich apatites. Also, the results suggest that dehydrogenation of isopropanol to acetone takes place over weak and medium basic sitesand not over the stronger basic sites.
Conclusions
Hydroxyapatites with different Ca/P ratios were successfully synthesized using a precipitation method, optionally containing also Na + cations, and were extensively characterized.
Their carbonate content increased linearly with the Ca/P ratio. The occupancy of atoms was calculated using Rietveld renement, and the so-obtained (Ca + Na)/P ratios were in good agreement with those obtained from ICP. A good correlation was further observed between the anisotropic crystallite shape obtained from XRD and the grain shape observed in SEM. Global tentative formulae for the apatites were deduced from the amount of CO 3 2À substituted in the OH À sites (A-type) and LEIS showed that Ca 2+ is more exposed at the topmost surface of the apatite solids, irrespective of the Ca/P ratio. Combining the results of XRD renement and LEIS, we proposed that Ca 2+ are more exposed along the (0 0 1) direction on the ac and bc planes. The presence of HPO 4 2À entities suggested by IR spectra was conrmed in all the apatites using 2D NMR (HETCOR sequence). Further, PEA-XPS proved that HPO 4 2À species act as Brønsted acid sites, and Ca 2+ or OH À vacancies (d + ) as Lewis acid sites. The acid-base reactivity of the solids was subsequently determined using isopropanol reactivity, which gave selectivity results is in good agreement with the acid-base properties directly obtained using NH 3 -TPD, PEA-XPS, and CO 2 -TPD. As a remarkable feature, HapD (decient apatite) and Hap (stoichiometric apatite) showed a much more pronounced acidic behavior than that of the other apatites. Further, the solids presented in the present study were used in the Guerbet reaction, which requires the presence of both acidic and basic sites, and showed different reactivities in agreement with the results of the present paper. 51 
